The elimination of tuberculosis (TB) is threatened by an apparent increase in the level of resistance in Mycobacterium tuberculosis. In the Netherlands, where the majority of TB patients are migrants, resistance may also be increasing. We conducted a retrospective study, using 18,294 M. tuberculosis isolates from TB cases notified between 1993 and 2011. We investigated the trends in antituberculosis drug resistance, focusing on the country of birth of the patients and whether resistance had developed during treatment or was the result of transmission of resistant M. tuberculosis strains. For both scenarios, we determined whether this had happened in or outside the Netherlands. Antituberculosis drug resistance was found in 13% of all cases analysed and showed an increasing trend among patients who had been born in the Netherlands (p<0.001) and a decreasing trend among foreign-born (p=0.02) over the study period. Since 2005, the proportion of M. tuberculosis resistant strains among all strains tested has increased in both groups (p=0.03 and p=0.01, respectively). Overall, we found a significantly increasing trend when excluding streptomycin resistance (p<0.001). The trend was most markedly increased for isoniazid resistance (p=0.01). Although resistance was mainly due to transmission of resistant strains, mostly outside the Netherlands or before 1993 (when DNA fingerprinting was not systematically performed), in some cases (n=45), resistance was acquired in the Netherlands. We conclude that antituberculosis drug resistance is increasing in the Netherlands, mostly related to migration from high TB-incidence countries, but also to domestic acquisition.
Introduction
Resistance to antituberculosis drugs is emerging in several areas worldwide. In eastern Europe and central Asia, hotspots of multidrug-resistant tuberculosis (MDR-TB) are present, with nearly a third of the new and three quarters of previously treated TB cases diagnosed as having MDR-TB in some countries [1] . This is of great concern, considering the limited drug options to safely and effectively treat these resistant forms of TB. Distinguishing between transmission of a resistant M. tuberculosis strain and development of resistance during treatment has important consequences for TB control programmes [2] .
The elimination of TB (defined as less than one case per million population) -a World Health Organization (WHO) target for 2050 [3] -is threatened by an apparent increase in multidrug resistance worldwide [1, 4, 5] . Global trends, however, are hard to interpret as a result of incomplete coverage of surveillance data. In many regions in Sub-Saharan Africa, and also in central and eastern Europe and India, drug resistance surveillance data are lacking, mainly as a result of inadequate laboratory infrastructure [1] .
In the Netherlands, a low TB-incidence country with approximately 1,000 new registered TB cases annually and an incidence of 6.0 per 100,000 population in 2011 [6] , nationwide surveillance of TB has been in place since 1993. Until recently, all local mycobacteriology laboratories routinely sent their M. tuberculosis complex isolates to the WHO-accredited National Reference Laboratory at the National Institute for Public Health and the Environment (RIVM) for identification, drug susceptibility testing (DST) and molecular typing. After 2011, some local laboratories started to screen for resistance against first-line drugs themselves, but when resistance is diagnosed, the results are confirmed at the National Reference Laboratory, where DST is broadened to other drugs. A DNA fingerprint of each M. tuberculosis isolate is produced, to guide investigation of epidemiological links between TB cases.
In the mid-1990s, a descriptive study showed that the majority of TB cases with resistant strains in the Netherlands were migrants [7] . Recent increases in the proportion of migrants among TB patients in the Netherlands [6] , in the prevalence of drug resistance in many of the migrants' country of origin [8] as well as changes in the composition of the migrant population might have influenced the resistance situation in the Netherlands over the last couple of years [6, 9] . To improve our understanding of the extent and origin of M. tuberculosis resistance in the Netherlands, we conducted a retrospective study of all TB cases notified between 1993 and 2011. We investigated the trends in resistance to antituberculosis drugs in this period, in relation to the country of origin of the patients. In addition, we assessed the extent to which drug resistance was due to transmission of resistant strains or was possibly acquired during previous treatment. For both scenarios, we determined whether this had occurred in or outside the Netherlands.
Methods

Data sources and study population
Data were obtained from three sources and matched on the basis of postal code, date of birth and sex. The resulting data set consisted of anonymous data. We used data from three sources: firstly, the Netherlands Tuberculosis Register after approval by the registry committee. These data, systematically collected at Municipal Health Services, include information on patient characteristics, treatment history, case finding and treatment outcome. Secondly, data from the National Reference Laboratory were used, which contain information on drug susceptibility and DNA profiles of the bacterial isolates. Between 1993 and 2009, nationwide fingerprinting of M. tuberculosis isolates using IS6110 restriction fragment length polymorphism (RFLP) typing was performed at the National Reference Laboratory; after 2009, RFLP typing was replaced by variable number tandem repeat (VNTR) typing [10, 11] . Thirdly, we received the results of epidemiological investigation of clustered cases, which is routinely carried out by TB public health nurses in the Netherlands.
All notified M. tuberculosis culture-positive cases between 1993 and 2011 were included in the study. Isolates with missing DST results, including those tested in local laboratories, which participate in quality control programmes, were considered susceptible. If patients had multiple isolates, only isolates of M. tuberculosis strains with different DNA fingerprints were included in the database: subsequent isolates representing the same M. tuberculosis strain were excluded.
Drug resistance: trends and origin
Standard DST for the following first-line drugs was performed for each isolate: isoniazid, rifampicin, streptomycin, ethambutol and pyrazinamide. Susceptibility to the following second-line drugs was only assessed if the isolate was resistant to isoniazid and/or rifampicin: amikacin, capreomycin, ciprofloxacin, clarithromycin, clofazimine, cycloserine, kanamycin, linezolid, moxifloxacin, ofloxacin, protionamide and rifabutin. Until 2004, the absolute concentration method was the standard DST method used [12] , but this was replaced thereafter by the mycobacteria growth indicator tube (MGIT) assay [13] . Patients were classified according to the DST result as having drug-susceptible isolates if the causative bacteria were sensitive to the first-line drugs tested or as having drug-resistant isolates if resistance to at least one drug was detected.
Trends in resistance were analysed for the study period. Extensively drug-resistant TB was only detected rarely and involved in total three cases in 2009 to 2011 [6] . Drug resistance rates (percentage of resistant isolates among all isolates tested for drug susceptibility) were described for those born in the Netherlands and those who were born abroad.
A distinction was made between primary drug resistance (PDR), i.e. drug resistance in new TB cases and acquired drug resistance (ADR), i.e. drug resistance in previously treated TB cases. For foreign-born ADR patients, we compared the year of entry into the Netherlands with the year of previous TB treatment to assess whether resistance had been acquired in the Netherlands or abroad. ADR patients born in the Netherlands were considered to have acquired resistance in the Netherlands.
Transmission of drug-resistant TB
For PDR cases, we assessed where transmission of the resistant strain most probably occurred, based on the DNA fingerprinting of M. tuberculosis isolates and the subsequent results of cluster investigation.
Clusters were defined as groups of patients having isolates with identical RFLP or VNTR patterns or, if strains had fewer than five IS6110 copies, identical polymorphic GC-rich sequence RFLP patterns [14] . During 2004 to 2008, within the framework of a nationwide evaluation following the introduction of VNTR typing, both RFLP and VNTR typing were performed for all isolates and strains could thus belong to both an RFLP and a VNTR cluster [15] . The agreement in clustering between both methods was about 80%. In order to prevent strains being part of two different clusters, we used the RFLP patterns to cluster isolates from before 2009 and VNTR patterns to cluster strains isolated in 2009 or thereafter. Cases were divided into those whose M. tuberculosis strain had a unique DNA fingerprint and those with a clustering fingerprint. The first case in each cluster, based on the diagnosis date, was classified as unique. After matching the Netherlands Tuberculosis Register data with data from the National Reference Laboratory, a number of clusters were broken up as a result of a 15% mismatch, which occurred due to incorrect or incomplete data on identifying variables (e.g. country of birth, sex, postal code) that link the cases. Cases for whom the data could not be matched were excluded from the analysis. This resulted in the formation of 'clusters' with only one case left, which were excluded from further analysis.
PDR cases were classified into three groups according to a classification model previously described [16] : (i) PDR cases with an M. tuberculosis strain that had a unique DNA fingerprint, as well as clustered cases without a potential source case (i.e. without a preceding pulmonary TB case in the cluster) were considered infected abroad or before 1993; (ii) clustered PDR cases with a potential source case, but without a confirmed or likely epidemiological link to a previous case in the cluster were considered possibly infected in the Netherlands; and (iii) clustered PDR cases with a potential source case and a confirmed or likely epidemiological link with a previous case in the cluster were considered definitely infected in the Netherlands. An epidemiological link was considered 'confirmed' when a social contact with another patient in the cluster had been documented in an interview with the respective patients or 'likely' if the patients visited the same place at the same time (without being aware of each other's presence) [17] .
Statistical analysis
We used logistic regression analyses to assess the statistical significance of trends in resistance, with antituberculosis drug resistance as dichotomous outcome variable and year of diagnosis as continuous independent variable. A trend was considered significant if the regression coefficient for year of diagnosis differed significantly from 0. A positive coefficient indicated an increasing trend and a negative coefficient indicated a decreasing trend. We calculated 95% confidence intervals (CIs) for drug resistance percentages over time, assuming the number of resistant samples was normally distributed.
Univariate and multivariate logistic regression analyses were used to examine which determinants were associated with resistance (dependent variables). Determinants evaluated were demographic variables -i.e. sex, age, living in an urban area (in one of the four largest cities in the Netherlands (Amsterdam, Rotterdam, The Hague, Utrecht), being foreign-born, length of time of residence in the Netherlands and belonging to a risk group (i.e. a group with a high risk of exposure to TB, such as drug users, asylum seekers, illegal residents), Bacillus Calmette-Guérin (BCG) vaccination, previous treatment history and having pulmonary TB. 
Trends in drug resistance
The resistance rate was considerably higher in foreign-born TB patients than in patients born in the Netherlands (16% vs 6%, p<0.001). Among those who were foreign-born, trend analysis showed a slightly decreasing trend in the proportion of resistant isolates during 1993 to 2005 (p value for trend (p trend) = 0.01), followed by a significantly increasing trend until 2011 (p trend = 0.01, Figure 1) We found a significantly increasing trend for drug resistance, when excluding streptomycin resistance, . The number of isolates tested for drug susceptibility was lower in 2011 because local laboratories started to test for drug susceptibility as well. Not all isolates were sent to the National Reference Laboratory any more. 
Origin of drug resistance
Multivariate analyses showed that younger age, being foreign-born and previous TB treatment were independently related to resistance, while sex, living in an urban area, BCG vaccination, belonging to a risk group and having pulmonary TB were unrelated ( Table 1) . The significant univariate association between BCG vaccination and resistance may be explained by the fact that patients who were foreign-born were more likely to be vaccinated than those born in the Netherlands. Drugresistant isolates from foreign-born cases more often expressed rifampicin resistance and MDR than drugresistant isolates from cases born in the Netherlands (Table 2 ).
For 1,622 (86%) of all 1,890 patients with drug-resistant isolates, information on previous TB treatment was available. Of these, 122 (8%) had been treated previously and 1,500 (92%) had not been treated before. Consequently, 8% of all resistant cases for whom information on previous treatment was available were classified as ADR and 92% as PDR. This corresponds to 0.8% and 10% of all 14,959 TB cases analysed, respectively. In a multivariate analysis, we found that rifampicin resistance and MDR-TB were more associated with ADR than PDR. We also found that ADR patients were older than PDR patients ( Table 3 ).
The percentage of ADR cases was not different between patients born in the Netherlands and those who were foreign-born (Table 2) . Time since previous treatment was much longer in ADR cases born in the Netherlands (mean: 22 years; SD: 19) than in foreignborn patients (mean 7 years; SD: 9); p<0.001). Two of 16 ADR patients born in the Netherlands were second-generation migrants as at least one parent had been born abroad. For nine ADR patients born in the Netherlands, the parents' country of birth was not registered. Of 92 foreign-born ADR patients with known date of entry into the Netherlands, 49 had previously been treated before entry and were thus considered to have acquired resistance abroad. A total of 29 foreignborn ADR patients had previously been treated after entry into the Netherlands and most probably acquired resistance or additional resistance in the Netherlands. For 14 foreign-born ADR patients, it was unknown where they acquired resistance, as the year of previous treatment coincided with the year of entry.
Transmission of drug-resistant TB
Of all 14,959 isolates, 14,913 (99.7%) DNA fingerprints were generated. Due to the 15% mismatch with Netherlands Tuberculosis Register data, 454 clusters
Figure 2
Trends in the proportion of Mycobacterium tuberculosis isolates resistant to first-line antituberculosis drugs, the Netherlands, 1993-2011
MDR: multidrug resistance, defined as resistance to at least isoniazid and rifampicin. Percentages calculated as the number of resistant isolates divided by the total number of isolates tested for drug susceptibility. Resistance to isoniazid and streptomycin is not shown (only mono-resistance and MDR). The total number of clusters was 1,676 and the median cluster size was 6 (interquartile range: 3-19). Of the 1,676 clusters, 420 (25%) contained at least one case with resistant TB. Epidemiological cluster investigation was performed for 5,594 (91%) of all 6,129 clustered cases: an epidemiological link was confirmed in 1,674 (30%) clustered cases, likely in 923 (17%) clustered cases and could not be determined in 2,997 (54%) clustered cases.
PDR cases (n=1,445) were classified according to a transmission classification model ( Figure 3 ): 129 cases (9%) were definitely infected in the Netherlands, 404 cases (28%) possibly and 912 cases (63%) were infected abroad or before 1993, when DNA fingerprinting was not systematically performed. PDR patients born in the Netherlands more often had clustered isolates than foreign-born PDR patients (132 (54%) vs 469 (39%), p<0.001) and were more likely to have a confirmed epidemiological link with a previous case in the cluster (54 (22%) vs 75 (6%), p<0.001) (data not shown).
Discussion
This study, based on a large number of cases and molecular typing data from the Netherlands, covering many years, revealed that antituberculosis drug resistance has increased since 1993 in patients born in the Netherlands and since 2005 in those foreign-born, and that resistance was more frequent among foreign-born patients. The increasing trend was mainly related to an increase in resistance to isoniazid, the cornerstone of first-line treatment. Furthermore, more than 90% of the drug resistance seen was a result of transmission. Our classification model suggests that transmission of resistant strains occurred in more than 60% of the cases before 1993 or abroad, and in 9% of the cases definitely in the Netherlands. Although ADR was rare, and mainly related to previous treatment abroad, in 45/122 cases it was associated with previous treatment failure in the Netherlands. Patient files should be retrieved and treatment history examined to gain more insight into the possible acquisition of resistance in the Netherlands.
The impact of the unexpected increase in antituberculosis drug resistance among patients born in the Netherlands is likely to be limited, because the majority of TB drug resistance is still mainly found in foreignborn patients, as reported previously [7] .
The largest increase has been seen since 2005-06, when resistance among foreign-born patients has also been increasing. We suspect that the increase might be a result of enhanced migration from TB-endemic countries with high rates of TB drug resistance [18] . Concomitant intermingling of people born in the Netherlands and people with different ethnic backgrounds born outside the Netherlands might have resulted in the spread of drug-resistant TB. This might explain the increase in isoniazid resistance, as such an increase has also been observed in other countries [19] . Furthermore, next to certain 'host-related factors' [20] , M. tuberculosis in general might have gained a higher ability to withstand treatment, resulting in more persistent infections and higher rates of transmission to other people. Possibly, particular resistance mutations might be less deleterious than others or certain compensatory mutations might make up for any loss of fitness caused by the resistance mutation [21, 22] . Borrell et al. demonstrated that the most common isoniazid resistance-conferring mutation in clinical settings reduced isoniazid activation while maintaining virulence in mice [23] .
The pronounced increase in resistance to regularly used drugs is considered highly relevant as these are the cornerstone of treatment and may perhaps reflect a trend in other European countries where large numbers of migrants are received [3, 24] . Although MDR-TB is diagnosed relatively rarely in the Netherlands [6] , we should closely monitor the seemingly increasing MDR-TB trend, as its treatment is costly, complicated and enduring [3] . In Europe, trends in MDR-TB over the past five years have differed substantially by country [3] . The MDR-TB rate remained stable in European Union/European Economic Area (EU/EEA) countries (4.5% in 2011), while in non-EU/EEA countries, it increased from 20.3% in 2007 to 30.2% in 2011.
The 23% drug resistance among previously treated patients found in our study was similar to the median prevalence of resistance in previously treated patients found in a recent global surveillance project (25.1%) [8] . Our finding that resistance in M. tuberculosis was mainly the result of transmission was also in line with global findings [25] . In 129 of 784 clustered PDR cases, cluster investigation confirmed transmission of resistance in the Netherlands, despite the measures to prevent TB transmission such as contact tracing and screening of risk groups. Among foreign-born cases, clustering does not always reflect transmission in the Netherlands. In particular, clustered cases originating from the same foreign country might have been infected in their home country by strains of the predominant genotypes in those countries. This could also be an explanation for the low percentage of foreign-born PDR cases with a confirmed epidemiological link. In general, the proportion of patients definitely infected in the Netherlands is presumably underestimated, as transmission in a public space often remains unconfirmed in epidemiological cluster investigations. Furthermore, cluster investigation in foreign-born cases can be hindered by communication difficulties [26] .
There are limitations associated with this study. Firstly, drug resistance trends could have been influenced by the change in DST method in 2004. However, the most pronounced increase in resistance was seen in the period since 2005, in which only the MGIT DST method was used. Moreover, DST at the National Reference Laboratory in the Netherlands has always been checked by WHO proficiency testing. Secondly, pyrazinamide susceptibility testing was less reliable before 2009 and may therefore have had an effect on the results. However, due to the rare occurrence of pyrazinamide resistance, this probably had little effect on the overall trends. Thirdly, misclassification of ADR and PDR cases could have occurred because the classification was based on self-reported treatment history. Fourthly, 14% of all patients with drug-resistant TB could not be classified as ADR or PDR at all, because their treatment history was unknown. Besides, ADR cases could have been PDR cases if they were reinfected with a resistant strain that differed from the strain they were previously treated for. For instance, a previous study has shown that reinfection with a different strain occurred in 16% of all patients with Dutch nationality who had been infected before 1981 [27] . Additionally, ADR patients born in the Netherlands whose parents had been born abroad could have acquired resistance in their parents' country of origin, when visiting friends and family. The same may apply to patients who may have worked in a high TB burden country. On the other hand, the 14 foreign-born ADR cases with unknown place of previous treatment could have acquired resistance in the Netherlands. Lastly, for 454 patients who were part of clusters whose data could not be matched to that of the National Reference Laboratory, the place of transmission could not be determined.
In conclusion, the increase in resistance of M. tuberculosis among patients born in the Netherlands and the recent increase among foreign-born patients have not led to an increase in the incidence of TB in the Netherlands, as the incidence has remained stable over the last few years [6] . With a high degree of transmission of resistant strains abroad and a large proportion of M. tuberculosis drug resistance among migrants, the problem of resistance in the Netherlands is closely related to the resistance problems in the migrants' countries of origin. This highlights the importance of early detection of TB, resistance screening and treatment programmes, especially in migrants originating from high-endemic countries with a high resistance rate. In these countries, preventive measures such as improved case detection, individualised treatment and improved drug supply and distribution could reduce the risk of acquiring resistance and its subsequent transmission. Our findings may be representative of the situation in other low-endemic European countries with a relatively large proportion of migrants. Generally, only little is known about trends in resistance as testing and reporting is currently not sufficiently frequent or complete in many countries. The capacity to respond adequately to the threat of drug-resistant TB requires more detailed information on the magnitude of this problem. Therefore more research is needed in other European countries. Resistance monitoring and surveillance remain highly important activities.
